The climatic effects of dust aerosols in North Africa have been investigated using the atmospheric general circulation model (AGCM) developed at the University of California, Los Angeles (UCLA). The model includes an efficient and physically based radiation parameterization scheme developed specifically for application to clouds and aerosols. Parameterization of the effective ice particle size in association with the aerosol first indirect effect based on ice cloud and aerosol data retrieved from A-Train satellite observations have been employed in climate model simulations. Offline simulations reveal that the direct solar, IR, and net forcings by dust aerosols at the top of the atmosphere (TOA) generally increase with increasing aerosol optical depth. When the dust semi-direct effect is included with the presence of ice clouds, positive IR radiative forcing is enhanced since ice clouds trap substantial IR radiation, while the positive solar forcing with dust aerosols alone has been changed to negative values due to the strong reflection of solar radiation by clouds, indicating that cloud forcing associated with aerosol semi-direct effect could exceed direct aerosol forcing. With the aerosol first indirect effect, the net cloud forcing is generally reduced in the case for an ice water path (IWP) larger than 20 g m −2 . The magnitude of the reduction increases with IWP.
(e.g., Lamb and Peppler, 1992; Rowell et al., 1995; Hoerling et al., 2006) . However, several studies have shown that dust can play an important role in the changes of Sahel climate (e.g., Nicholson, 2000; Prospero and Lamb, 2003; Yoshioka and Mahowald, 2007; Kim et al., 2010; Zhao et al., 2011) . Dust particles play a fundamental role in the energy balance of the Earth-atmospheric system due to their high emission rate (Andreae, 1995; Satheesh and Moorthy, 2005; IPCC, 2007) , entering the atmosphere through wind erosion of dry soils. North Africa is heavily influenced by dust with significant year-round dust emissions as shown in the observations derived from the Total Ozone Mapping Spectrometer (TOMS) aerosol index (AI), with maximum emissions from May to August (Engelstaedter et al., 2006) . During boreal spring and summer, the air over North Africa is almost permanently loaded with significant amounts of dust.
Atmospheric aerosols generally affect global and regional climate through the scattering and absorption of solar radiation (direct effect) and through their influence on cloud formation and hence the radiation field (first indirect effect). Figure 1 illustrates the interactions among dust aerosols, clouds, and radiation processes in the real atmosphere and GCM settings. Dust particles absorb and scatter the incoming sunlight and hence influence the radiation field, referred to as the direct radiative effect. Meanwhile, due to the heating of the air column by dust aerosols, the cloud field can be modified and hence exert cloud radiative forcing, referred to as the semi-direct effect. When aerosols are present in the cloudy atmosphere, another process may take place such that the cloud particle number increases due to the increased loading of aerosols serving as cloud condensation nuclei (CCN) or ice nuclei (IN) . Consequently, the cloud particle size decreases and hence affects cloud radiative forcing. This process is known as the first indirect effect since it is through the modification of cloud fields due to changes in CCNs or INs associated with aerosols.
Among all types of aerosols absorbing aerosols, such as dust, play an important role in regional and global climate by heating the air column, which in turn modifies the horizontal and vertical temperature gradient, atmospheric stability, and convection strength (Miller and Tegen, 1998; Menon et al., 2002; Gu et al., 2006) . The interactions between dust and other physical processes have been found to plan an important role in the dust-induced climate change (Yue et al., 2010) . Using a general circulation model (GCM), Miller and Tengen (1998) examined the climatic effect of dust and found that precipitation had been reduced over the tropical North Atlantic and adjacent continental areas including the Sahel region. Further studies show that the surface radiative forcing exerted by dust aerosols also plays an important role in modulating hydrologic cycles (Miller et al., 2004) . Gu et al. (2006) investigated the climatic effects of various types of aerosols in China using the atmospheric GCM (AGCM) developed at the University of California, Los Angeles (UCLA) and reported that dust particles in China would heat the air column in the mid-to high latitudes and tend to move the simulated precipitation inland, i.e., toward the Himalayas. Lau et al. (2009) also found that Saharan dust particles during the boreal summer influence rainfall by heating the upper atmosphere above dust layers and drawing in low-level moist air from the Atlantic into the Sahel. The role of direct radiative forcing of dust in the wet-to-dry climate change observed in the Sahel region over the last three decades has been examined by Yoshioka and Mahowald (2007) , who showed that precipitation over the inter-tropical convergence zone (ITCZ), including the Sahel region, was reduced, while increased precipitation was found south of the ITCZ, when dust radiative forcing is included in AGCM simulations. They also found that the direct radiative forcing by an increase in North African dust can only explain up to 30 % of the observed precipitation reduction in the Sahel.
While the direct radiative forcing of dust aerosols has been studied extensively in recent years, the impact of the overall dust climatic effects, including direct, semi-direct, and indirect forcings, on global and regional climate remains largely unknown (IPCC, 2007) . To date, quantification of the first indirect effect of aerosols on climate remains a challenging problem. Inadequate understanding of the relationship between microphysical and dynamical processes contributes to large uncertainties in model simulations of the aerosol effects on clouds, precipitation, and climate, especially for ice clouds, due primarily to the lack of accurate global-scale observations. New data from NASA's A-Train constellation (L'Ecuyer and Jiang, 2011) coupled with recent developments in climate modeling provides an unprecedented opportunity to advance the understanding of aerosol-cloud-radiation interactions and their climatic impact.
The aerosol first indirect effect is associated with change in cloud particle size, a critical and independent parameter that affects radiation transfer calculations. For example, for a given ice water content (IWC) in clouds, smaller particles reflect more sunlight than larger counterparts, an effect recognized by Twomey et al. (1984) and Liou and Ou (1989) in conjunction with aerosol-cloud indirect effects. Simulation of the aerosol effect on ice particle size in a GCM by means of the physically-based aerosol-ice microphysical interaction would involve large uncertainties in the parameterization of ice processes and require significant computational efforts. A number of formulations have been introduced to relate aerosol concentration to ice nucleation on the basis of explicit microphysics modeling, laboratory studies, as well as theoretical considerations (e.g., Diehl and Mitra, 1998; Kärcher and Lohman, 2003; Riemer et al., 2004; Liu and Penner, 2005; Kärcher et al., 2006; Liu et al., 2007) . In view of large uncertainties in the parameterization of ice microphysics processes and the required computational cost, it has been a common practice to prescribe a mean ice crystal size in GCMs (e.g., Köhler, 1999; Ho et al., 1998; Gu et al., 2003) . A number of GCMs have also used IWC and temperature produced from the model to determine ice crystal size (Kristjánsson et al., 2005; Gu and Liou, 2006) . This approach is rooted in earlier ice microphysics observations from aircraft and attests to the fact that small and large ice crystals are related to cold and warm temperatures in cirrus cloud layers. Ou and Liou (1995) developed a parameterization equation relating cirrus temperature to a mean effective ice crystal size (D e ) based on a large number of midlatitude cirrus microphysics data presented by Heymsfield and Platt (1984) . Liou et al. (2008) recently developed a correlation analysis involving IWC and D e on the basis of fundamental thermodynamic principles intended for application to climate models. For this purpose, ice crystal size distributions obtained from in situ measurements collected during numerous field campaigns in the tropics, midlatitude, and Arctic regions were used. It is shown that IWC and D e are well-correlated in this regional division. However, none of these formulations take into account the effect of aerosols on D e ; i.e., the first indirect effect of aerosol on ice clouds.
Combining nearly-simultaneous measurements from Aura Microwave Limb Sounder (MLS) and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS), Jiang et al. (2008) showed substantially different D e as well as D e -IWC relations for "polluted" and "clean" clouds over the South American region. Using least-squares fitting to the observed data, an analytical formula to describe the variation in D e with IWC and AOD for several regions with distinct characteristics of D e -IWC-AOD relationships has been obtained (Jiang et al., 2011) . Because IWC is directly related to convective strength and AOD represents aerosol loading, this empirical formula provides a means of quantifying the relative role of dynamics and aerosols in controlling D e in different geographical regions, and at the same time of establishing a framework for parameterization of aerosol effects on D e in climate models. In this study, we have used the D e -IWC-AOD relations derived from satellite data for application to GCMs in terms of parameterization of the effective ice particle size in association with the aerosol first indirect effect.
The semi-direct effect was first reported by Hansen et al. (1997) to describe the aerosol absorption of sunlight which heats the lower troposphere and reduces large-scale cloud cover. This effect could be comparable to or even offset the aerosol direct and/or indirect effects . Studies have shown a great complexity in the cloud response to the heated layer, depending on the relative position of the absorbing aerosol layer with reference to the cloud (Johnson et al., 2004; Fan et al., 2008) , the underlying surface (Allen and Sherwood, 2010; Koch and Genio, 2010) , etc. At present, the semi-direct effect is poorly understood and its role in the forcing of cloud distributions and regional climate change is intricate and physically unclear (Koch and Del Genio, 2010) .
The objective of this study is to investigate the impact of dust aerosols on regional climate with a focus on the North Africa region, by examining the responses of the regional climate system to direct, semi-direct, and first indirect (with a focus on ice clouds) aerosol radiative forcings in the UCLA AGCM in terms of the cloud, radiation, temperature, precipitation, and general circulation patterns. The organization of this paper is as follows: in Sect. 2 we present the model employed and its radiation/cloud parameterizations for aerosols, followed by offline studies on aerosol-radiation-cloud interactions and a description of the AGCM experiment design in Sect. 3. The model simulations and discussions are presented in Sect. 4. Conclusions are given in Sect. 5.
Model description and parameterizations for aerosol direct and first indirect effects
For the AGCM simulations, we use a modified version of UCLA AGCM, a state-of-the-art grid point model of the global atmosphere extending from the Earth's surface to a height of 50 km. This model has been successfully applied to a number of climate studies, including El Niño and the Asian Monsoon (e.g., Arakawa, 1999; Mechoso et al., 1999) .
In the UCLA AGCM, the geographical distribution of sea surface temperature is prescribed based on a 31-yr (1960-1990 ) climatology corresponding to the GISST version 2.2 dataset (Rayner et al., 1995) . Sea ice thickness and extent are prescribed using data presented by Alexander and Mobley (1976) . Surface albedo and roughness length are specified following Dorman and Sellers (1989) . Note that the SST response may play an important role in the simulation of the climatic effect of mineral dust aerosols. Based on the study of Yue et al. (2011) , the SST responses could influence the simulated dust-induced climate change, especially when climate simulations consider the two-way dust-climate coupling to account for feedbacks. Recently, an improved physically based radiation scheme has been incorporated in the UCLA AGCM with the capability to study a variety of climate problems, including the cloud and aerosol effects (Gu et al., 2003 Gu and Liou, 2006) . To assess the performance of GCMs in simulating uppertropospheric IWC, a new set of IWC measurements from the Earth Observing System's MLS were used to compare with simulations from several GCMs, including the updated UCLA AGCM with the Fu-Liou-Gu radiation scheme. Results showed that the UCLA AGCM is capable of capturing the global distributions of IWC as compared to MLS data and is among the best in terms of simulated IWC values (Li et al., 2005) . Although the focus here is the UCLA AGCM, the procedures and parameterizations developed in this research can be readily applied to other climate models. In this study, we have used a low-resolution version with a grid size covering 4 • latitude by 5 • longitude and with a vertical coordinate of 15 layers from the Earth's surface to 1 hPa. A higher resolution may be better to capture the regional characteristic of clouds. However, since the focus of this study is on the dust climatic effect in the North Africa region, the current model resolution appears to be sufficient for this purpose. In fact, this type of resolution has been used in numerous climate simulations (e.g., Hansen et al. 2004; Köhler, 1999) . The Fu-Liou-Gu radiation scheme (Gu et al., 2010 implemented in the UCLA AGCM was based on the Fu-Liou scheme. Fu et al. (1997) showed that the delta-two-stream method is most computationally efficient but produces significant errors in fluxes and heating rates under cloudy conditions. High accuracy can be obtained by using the delta-fourstream method, but substantial computer time is required for the calculation of thermal infrared (IR) radiative transfer. The delta-two/four-stream combination method is sufficiently economical for IR calculations (four times faster than delta-four-stream, but only 50 % slower than two-stream), and at the same time it produces acceptable accuracy under most atmospheric conditions. In view of the above, we implement in the UCLA AGCM a combination of the deltafour-stream approximation for solar flux calculations (Liou et al., 1988) and delta-two/four-stream approximation for IR flux calculations (Fu et al., 1997) .
The incorporation of nongray gaseous absorption in multiple-scattering atmospheres is based on the correlated k-distribution method developed by Fu and Liou (1992) , in which the cumulative probability of the absorption coefficient, g, in a spectral interval is used as an independent variable to replace the wavenumber. The solar and IR spectra are divided into 6 and 12 bands, respectively, according to the location of absorption bands. Using the correlated kdistribution method, 121 spectral radiation calculations are required for each vertical profile in the AGCM. In addition to the principal absorbing gases listed in Fu and Liou (1993) and Gu et al. (2003) , we recently included absorption by water vapor continuum and a number of minor absorbers in the solar spectrum, including CH 4 , N 2 O, NO 2 , O 3 , CO, SO 2 , O 2 -O 2 , and N 2 -O 2 . This led to an additional absorption of solar flux in a clear atmosphere on the order of 1-3 W m −2 depending on the solar zenith angle and the amount of water vapor employed in the calculations (Zhang et al., 2005) .
In conjunction with the radiation parameterization, we have also developed a new cloud formation scheme. We define the fractional cloudiness (C f ) by linear interpolation in log 10 q t between q t = 10 −10 kg kg −1 corresponding to the upper limit of cloud free condition (C f = 0) and q t = 10 −5 kg kg −1 corresponding to overcast condition (C f = 1), where q t is the predicted water content. Producing partial cloudiness introduces the cloud vertical overlap problem, which is an important issue in climate model studies. Various parameterizations of the cloud overlap effect have been developed, and several AGCM-sensitivity tests have been performed (e.g., Liang and Wang, 1997; Chou et al., 1998; Gu and Liou, 2001) . The most common methods used in the contemporary AGCMs are random overlap (Manabe and Strickler, 1964) and maximum/random overlap (Geleyn and Hollingsworth, 1979; Chou et al., 1998) . The latter has been shown to be more consistent with the observed cloud distribution (Tian and Curry, 1989) . Here we employ the method of maximum/random overlap, in which clouds are divided into three types according to their heights: low, middle, and high. Maximum overlap is used for clouds of the same type, while random overlap is subsequently employed for clouds of different types. Scaling of the optical depth in groups of clouds of the same type is performed in terms of cloud cover based on the method introduced by Chou et al. (1998) . An atmospheric column, therefore, can be divided into at most 8 sectors if clouds are present in all of the three groups. Radiation calculations can then be performed for each of the cloud configurations and the all-sky flux can be determined as the weighted sum of the flux computed for each sector.
Parameterization of the aerosol direct effect
The radiative properties of atmospheric aerosols, including the extinction coefficient, single-scattering albedo, and asymmetry factor, must be determined from their composition, shape, and size distribution. Many commonly used GCMs to date either neglect the atmospheric aerosol effect or simply use average values for the optical properties in the calculations. For example, Menon et al. (2002) used a single-scattering albedo value of 0.85 involving an aerosol composition of 85 % sulfate and 15 % black carbon, and a value of 1 for pure sulfate, for all wavelengths. Some models concentrate on specific aerosol types, such as volcanic aerosols, desert aerosols, or aerosols produced by biomass burning. Aerosols in the atmosphere are assumed to be a mixture of different components, referred to as aerosol types. In the new radiation scheme for the UCLA AGCM, a total of eighteen aerosol types are parameterized by using the recent addition of the Optical Properties of Aerosols and Clouds (OPAC) database (d'Almeida et al., 1991; Tegen and Lacis, 1996; Hess et al., 1998) . These aerosol types include maritime, continental, urban, five different sizes of mineral dust, insoluble, water soluble, soot (black carbon), sea salt in two modes (accumulation mode and coarse mode), mineral dust in four different modes (nucleation mode, accumulation mode, coarse mode, and transported mode), and sulfate droplets. The database provides the single-scattering properties for spherical aerosols computed from the Lorenz-Mie theory in which the humidity effects are accounted for. For aerosols that are able to take up water, the single-scattering properties for eight sets of humidity are provided in OPAC database: 0 %, 50 %, 70 %, 80 %, 90 %, 95 %, 98 %, and 99 %. For each model grid point, the single-scattering properties of dust particles are interpolated based on the model simulated humidity using the eight datasets. The lognormal distribution function was used which was found to be suitable to characterize the size distribution of atmospheric aerosols (d'Almeida et al., 1991; Hess et al., 1998) .
In our current radiation scheme for the UCLA AGCM, the single-scattering properties for the 18 aerosol types for 60 wavelengths in the spectral region between 0.3 µm and 40 µm are interpolated into the Fu-Liou spectral bands. These properties are vertically distributed and dependent on the aerosol type and relative humidity. As an example, Fig. 2 shows the single-scattering albedo, extinction coefficient, and asymmetry factor as a function of wavelength for sulfate, dust, and soot, respectively. It can be seen that sulfate mostly scatters solar radiation with a single-scattering albedo close to 1.00 for the first few solar bands. Black carbon (or soot) with a single-scattering albedo of about 0.2 or less in the visible, on the other hand, absorbs substantial solar radiation. Larger dust particles have an averaged single-scattering albedo of about 0.7 (in the visible) and produce both scattering and significant absorption of solar radiation. These results also show that dust may have a significant effect on IR radiative forcing.
Parameterization of aerosol first indirect effect on ice cloud
The aerosol first indirect effect is related to the radiative forcing caused in the change of cloud particle size and hence the modification of the single-scattering properties of a cloud due to the presence of larger aerosol loadings. For the aerosol effect on D e , we follow the approach presented by Jiang et al. (2011) , in which an analytical formula was obtained to describe the variations of D e with IWC and AOD for several regions with distinct characteristics of D e -IWC-AOD. Using MLS IWC measurements at 215 hPa to indicate convective strength (CONV) and AOD measurements from MODIS to denote aerosol loading, as well as using a least-squares fitting, an empirical formula for ice cloud effective radius r e (D e /2) as a function of CONV and AOD was derived to approximately capture the observed relationships among these three parameters as follows: . In this study, the relationship derived for the North Africa region was used, in which ε = 23.703, α = 0.259, β = 0.00678, and η = −0.0589. Note that this D e -IWC-AOD relation only works for AOD larger than 0. When there is no aerosol, D e must be prescribed or calculated from other cloud microphysical parameterizations. In this study, a prescribed D e with a value of 85 µm based on available ice crystal sizes determined from six observational campaigns reported by Fu (1996) was used in the clean conditions of off-line studies. Note that the D e -IWC-AOD relationships (Jiang et al., 2011) have been derived from the climatological satellite data and are the same throughout the year. Their seasonal variation and its impact on climate simulations will require further analysis. Also these relationships were derived by using the IWC at 215 hPa, because ∼200 hPa is approximately the level of convective detrainment and the IWC is proportional to convective intensity. In order to parameterize D e in a vertically inhomogeneous atmosphere, substantial research is needed and will be a subject of further investigation. For inclusion of the aerosol indirect effect in a GCM to investigate the radiative forcing caused by the change of ice crystal size induced by the presence of aerosols, we follow the procedure developed by Fu and Liou (1993) for parameterization of the single-scattering properties of ice particles with their sizes modified by aerosols. Calculations of the single-scattering properties for clouds require information about the particle shape and size distributions, as well as the indices of refraction as a function of wavelength. The spectral extinction coefficient, the single-scattering albedo, and the asymmetry factor are parameterized in terms of ice/liquid water content and mean effective particle size.
Input to the Fu-Liou-Gu radiative transfer program includes the optical depthgτ , the single-scattering co-albedo 0 , and the polynomial coefficients i for phase function expansion in the context of the delta-four-stream approximation for radiative transfer, which are, respectively, given by
where IWP (ice water path) is the product of IWC and cloud thickness. The asymmetry factor g = 1 /3 and a n , b n , and c ni (n = 0, 1, 2; i = 1-4) are fitting coefficients determined from the basic scattering and absorption database provided in Yang et al. (2000) for solar spectrum and Yang et al. (2005) for thermal infrared spectrum, in which a cirrus cloud is assumed to have mixed habits. For midlatitude, the habit information is derived from the First ISCCP Regional For solar bands, the first-order polynomial expansion is sufficient to achieve 0.1 % accuracy. However, for thermal infrared bands, the second-order polynomial fitting is required to achieve this level of accuracy. Figure 3 illustrates the single-scattering albedo, extinction coefficient, and asymmetry factor as a function of wavelength for different ice crystal effective sizes under the mixed habit assumption (Yue et al., 2007) . It is shown that smaller ice crystal size generally corresponds to larger single-scattering albedo, larger extinction coefficient, and smaller asymmetry factor, which will lead to more reflected solar fluxes as well as more trapped IR fluxes in radiative transfer calculations. The effective radius for water clouds is fixed at 10 µm in this study. For ice clouds, the ice crystal effective size is parameterized using the model predicted IWC and the D e -IWC-AOD relations obtained from the A-Train satellite data for North Africa region, as previously discussed.
Offline studies
Prior to the AGCM simulations, we examined the off-line one-column radiative effects of dust aerosols, including direct, indirect, as well as semi-direct, using the Fu-Liou-Gu radiative transfer model. In order to examine the aerosol semi-direct effect associated with the aerosol absorption of sunlight, which leads to the heating of the atmosphere and reduces large-scale cloud covers (Hansen et al., 1997) , we have used larger absorptive dust particles in this study. For smaller dust particles which scatter solar radiation, smaller absorption would be produced in the atmosphere, leading to a negative radiative forcing at TOA . The atmospheric profile used represents the standard atmosphere condition. The input aerosol optical depth represents the vertically integrated column values, which have been distributed . 4. Aerosol and cloud IR (a, d), solar (b, e) , and net (c, f) forcings (W m −2 ) at TOA as a function of AOD (left panel) and IWP (right panel), respectively. vertically according to a certain weighting profile based on the layer pressure and scale height, a height at which the aerosol loading is reduced to e −1 of the surface value, which is set at 3 km in this study. The aerosol loading decreases exponentially such that the highest aerosol layer in the model is placed at 15 km (Charlock et al., 2004) . Consequently, the spectral single-scattering properties are dependent on height according to aerosol type and relative humidity. The aerosols were assumed to be spherical in shape, an assumption that is not applicable to dust and black carbon and is a subject requiring further study. In order to identify the aerosol direct, first indirect and semi-direct effects, both clear and cloudy conditions were assumed in various experiments. The cosine of the solar zenith angle of 0.5 and a surface albedo of 0.1 were used in the calculations. For aerosol indirect effect, the D e -IWC-AOD relationship derived for the North Africa region was used. For cloudy conditions, the ice cloud layer for the offline study is placed between 9 and 11 km. Figure 4a -c shows the IR, Solar, and net radiative forcings at the top of the atmosphere (TOA) as a function of dust AOD, ranging from 0-1.0, for clear and cloudy conditions. For cloudy conditions, we show two cases with IWP of 20 g m −2 and 80 g m −2 , with corresponding cloud optical depths of 0.75 and 3.0, respectively. The forcing for clear condition represents the aerosol direct effect, while semi-direct effect can be inferred from the results for cloudy conditions. Direct solar radiative forcing for dust aerosol is positive at TOA due to its absorption. The solar, IR, and net forcings generally increase with increasing AOD, with a net of 25 W m −2 for AOD = 0.5 and 40 W m −2 for AOD = 1. Note that the positive IR forcing for dust aerosols contributes to about 75 % of the net forcing. Quijano et al. (2000) have estimated the instantaneous TOA dust radiative forcing over desert for AOD = 1.0 to be in the range of 50-55 W m −2 , which agrees rather well with the values reported in this study. At the surface, a negative net forcing of about −40 W m −2 is found for AOD = 0.5 due to the scattering and absorption by dust particles (not shown). Kim et al. (2010) reported a negative forcing by dust at the surface with a value of about −55 W m −2 around local noontime. Using the Goddard Institute for Space Studies GCM, Liao and Seinfeld (2004) also pointed out that the surface cooling could reach values as high as −30 W m −2 , mainly caused by the absorptive aerosols such as mineral dust and black carbon. The radiative forcing estimated from current study agrees well with their results. When ice clouds are present simultaneously with the dust aerosols, positive IR radiative forcing is enhanced since ice clouds trap substantial IR radiation, while the positive solar forcing with dust aerosols alone has been changed to negative values due to the strong reflection of solar radiation by clouds, indicating that cloud forcing could exceed aerosol forcing. Overall, IR forcing is still stronger than negative solar forcing in cloudy cases, resulting in a net positive forcing for aerosol-cloud cases at TOA. With the presence of ice clouds, the solar, IR, and net forcings still increase with increasing AOD but with a much smaller slope. As a result, when AOD is approaching 1.0, the net forcing with the combined aerosol and cloud effects is approximately equivalent to that with dust aerosol alone. This means that under heavily dusty cases, the cloud radiative forcing can be masked by the dust direct radiative forcing. In a GCM setting, aerosol absorption of sunlight can heat the lower troposphere and reduce cloud cover and/or cloud ice water content. When aerosol loading is small (AOD < 0.2), the net combined aerosol-cloud forcing is particularly significant for IWP = 80 g m −2 . However, the net aerosol-cloud forcing for a smaller IWP becomes substantial and increases with AOD for AOD > 0.2, indicating that the aerosol effect modulates cloud forcing. The aerosol semi-direct effect could exert an extra net forcing of about 10 W m −2 for heavily polluted case with AOD = 1.0 along with the reduction in cloud IWP from 80 g m −2 to 20 g m −2 . Figure 4d -f illustrates the IR, Solar, and net radiative forcings at the TOA as a function of IWP, ranging from 0-100 g m −2 , with cloud optical depth ranging from 0-3.75, for clean and polluted (aerosol indirect effect) cloudy cases. are shown in the figure. Under clean cloud condition, the magnitudes of positive IR forcing and negative solar forcing increase with increased IWP, with values comparable to those from Fu and Liou (1993) . For polluted cases, higher AOD corresponds to smaller ice crystals, resulting in more trapped IR and larger reflected solar radiation. With the aerosol indirect effect, the net cloud forcing is reduced for IWP > 20 g m −2 . The magnitude of reduction increases with IWP, with a decrease of about 25 W m −2 in the net TOA forcing for IWP = 100 g m −2 and AOD = 0.8.
AGCM simulations
In the real atmosphere, aerosol direct and indirect effects take place simultaneously. Aerosol indirect effect can be masked by its direct radiative forcing when the latter is included. Therefore, it is our intent to examine the aerosol indirect effect with and without the presence of aerosol direct radiative forcing. In accordance with our research objective, we have performed a series of experiments using the updated UCLA AGCM described above. Each simulation is a 5-yr run with the initial condition corresponding to 1 October (climatologically). The effect of greenhouse gases and other forcings are fixed in all experiments so that aerosols are the only varying forcing between the experiments in this study. A summary of the model experiments are described below and shown in Table 1 .
1. CTRL: in the first set of the experiment, the D e -IWC-AOD relationship for "clean" clouds is used everywhere with a background AOD of 0.1. Aerosol direct radiative forcing is not included in this experiment. This experiment is considered as the control run, which represents the case without aerosol effect.
2. IND: the second set of the experiment is identical to (1), except that the D e -IWC-AOD relation for "polluted" clouds is used for North Africa with AOD = 0.5 to include the aerosol indirect effect while AOD of 0.1 is used elsewhere. The selection of this AOD value is based on the observed climatological value of AOD for the North Africa region (Satheesh et al., 2006) .
3. DIR IND: the last experiment examines the total effect of aerosol direct and indirect radiative forcings. This experiment is identical to (2) but includes both aerosol indirect and direct effects for the North Africa area. Dust particle is used as the aerosol type in the simulation for the aerosol direct effect.
Differences between experiments (1) and (2) show the sensitivity of aerosol first indirect radiative forcing due to the dust aerosols in North Africa. Comparisons between experiments (2) and (3) demonstrate the relative importance of aerosol direct as well as semi-direct or indirect effects when its counterpart is also included. Differences between (1) and (3) illustrate the overall aerosol effects. Interactions between aerosols and cloud/radiation fields and their influence on the atmosphere thermal structure and dynamic processes through the modification of the heating rate profile are examined in the next section. We first evaluate the indirect radiative effect of aerosols by comparing the 5-yr simulation results of the experiments IND and CTRL. We have also extended climate simulations to 20 yr. Differences between the last 5-yr mean simulation results and the control run have similar patterns as those presented in the first 5-yr means. For this reason, results are presented in terms of the first 5-yr means. During the boreal summer, June-July-August (JJA), the rainfall system in West Africa could be significantly affected by dust particles. Also, since differences between the sensitivity experiments and the control run are mainly located in the summer hemisphere associated with the position of the sun, results are presented in terms of the JJA means. Figure 5a -b shows the JJA differences in OLR and net solar flux at TOA for the North Africa region due to the aerosol indirect effect. Due to the smaller ice crystal size in the dusty case, OLR is reduced over the mostly cloudy North Africa region partly because ice clouds with smaller size trap more IR radiation. The net solar flux at TOA is also reduced because smaller sizes reflect more solar radiation. The net radiative forcing at TOA, including both Aerosol Type: dust (North Africa) AOD = 0.1 elsewhere solar and IR, shows negative in the North Africa region. This is in line with the offline calculation result which illustrates the reduction in net forcing when aerosol indirect effect is included ( Fig. 4f) . Precipitation in the same area, however, increases due to aerosol indirect effect on ice clouds (Fig. 5c ), corresponding to the enhanced convection as indicated by reduced OLR, while the cloud cover shows decreases between 10 • S-10 • N across North Africa and the Atlantic with an increase to the west (Fig. 5d ). Differences between the sensitivity experiment IND and CTRL are statistically significant at the confidence level typically exceeds 95 % corresponding to the major changes in the OLR, precipitation, and cloud cover fields in North Africa. Anomalies are shown to be significant in all areas at above 70 % level. Note that the aerosol 2nd indirect effect, which is on the precipitation rate, is not included. Change in precipitation is through the interactions among aerosol, cloud, radiation, and dynamical processes in the model. Mahowald and Kiehl (2003) found a negative correlation between high cloud amount and dust along the equator across North Africa and the Atlantic in a region of relatively large ice cloud amount. They also indicated that there was a positive anomalies to the west, indicating a shift in the location of ice clouds although there might be a net increase in ice cloud cover. Our simulation results appear to be in line with this observation. However, they also indicated that since there are no long-term ground measurements for dust and high clouds in these areas, and because it has been difficult to map these high clouds using satellite observations, making a firm conclusion regarding high clouds, precipitation, and ice forming around dust kernels is not a straightforward task. Further in-depth studies are needed from both observational and modeling approaches. Figure 6a -b depicts the differences in IWC at 100 and 200 mb, respectively. Corresponding to increased precipitation, we show that IWCs are increased in this region. The differences in liquid water content show the same patterns as in IWC but with a much smaller magnitude (not shown), which is expected and appears to be reasonable. In this case, the feedback in water clouds could only slightly contribute to the magnitude of the changes but would not affect the results and conclusions presented in this study. The 200 mb radiative heating rate shows more cooling with the aerosol indirect effect (Fig. 6c ) in association with the production of larger cooling at the cloud top consisting of smaller ice crystal size. The 500 mb omega indicates a strong upward motion in this region (Fig. 6d) , which, together with the increased cooling effect, resulted in the increased ice water contents as shown in Fig. 6a-b . Figure 7a shows the differences between the simulation with overall aerosol effect (direct + semi-direct + indirect) and that with only the indirect effect. Adding the aerosol direct effect in the model simulation reduces the precipitation in the normal rainfall band over North Africa, where precipitation is shifted to the south and the northeast, associated with the absorption of sunlight and the subsequent heating of the air column by dust particles. As a result, the rainfall is drawn further inland to the northeast. The increase in precipitation between the equator and 10 degrees latitude is associated with increased convection in that region due to the heating of the air column by dust particles, as well as the aerosol indirect effect which produces more cooling at the cloud top. Using a GCM, Miller and Tengen (1998) found that precipitation had been reduced over the tropical North Atlantic and adjacent continental areas including the Sahel region associated with the direct climatic effect of dust. Yoshioka and Mahowald (2007) also reported that when dust direct radiative forcing was included in AGCM simulations, precipitation over the ITCZ, including the Sahel region, was reduced, while increased precipitation was found south of the ITCZ. Our simulation results are in line with their finding. Changes in cloud cover ( Fig. 7b ) and OLR (Fig. 7c) show a similar pattern to that of precipitation in association with the change in convection strength. The differences in OLR follow the patterns in cloud cover and precipitation instead of the dust loadings, indicating that the aerosol semi-direct effect plays a critical role in the dust-induced climate change. A decrease in OLR and the consequence of an increase in net radiative forcing is shown, which is also reinforced from offline simulations with the aerosol semi-direct effect (Fig. 4c) . Confidence level for the significance of differences between the sensitivity experiments DIR IND and IND typically exceeds 95 % in association with major changes in the OLR, precipitation, and cloud cover fields in North Africa. The differences between the simulation DIR IND (with overall aerosol effect) and the CTRL (no aerosol effect) are similar to those between DIR IND and IND (results not shown), indicating that the direct and semi-direct effects play a dominant role in the overall climatic effect of dust aerosols over North Africa.
Conclusions
Climate simulations using an updated version of the UCLA AGCM that incorporates a state-of-the-art aerosol/cloud radiation scheme have been carried out to investigate the relative importance and overall impact of dust direct, semi-direct, and first indirect effects on the cloud field, radiation budget, and precipitation patterns in North Africa. In these regions, we have used the aerosol optical depths of 0.5 based on observed climatological values. Parameterization of the aerosol indirect effect for the North Africa region derived from cloud and aerosol data retrieved from A-Train satellite observations has been employed in these climate model simulations. Key results of our study are summarized in the following.
First, dust direct radiative forcing generally increases with increased AOD. When ice clouds are present, the aerosol semi-direct effect plays an important role. Positive IR radiative forcing is strengthened with the presence of clouds, while the positive solar forcing with dust aerosols alone has been changed to negative values due to the strong reflection of solar radiation by clouds. Under heavily dusty cases, cloud radiative forcing can be overshadowed by dust direct radiative forcing. In a GCM setting, aerosol absorption of sunlight heats the lower troposphere and reduces cloud cover and cloud ice water amount. The aerosol semi-direct effect could exert an extra net forcing of about 10 W m −2 for heavily polluted cases associated with the reduction of cloud ice water amount from 80 g m −2 to 20 g m −2 . Including the aerosol indirect effect, the net cloud forcing is normally reduced and the magnitude of reduction increases with IWP, with a decrease of about 25 W m −2 in net TOA forcing for IWP = 100 g m −2 and AOD = 0.8.
Secondly, GCM simulations showed that the reduced ice crystal mean effective size due to the aerosol first indirect effect resulted in less OLR and net solar flux at TOA over the mostly cloudy North Africa region because ice clouds with smaller size trap more IR radiation as well as reflect more solar radiation. The precipitation in the same area, however, increases due to the action of the aerosol indirect effect on ice clouds, leading to enhanced convection as indicated by reduced OLR. The increased precipitation appears to be associated with enhanced IWCs in this region. The 200 mb radiative heating rate shows more cooling with the aerosol indirect effect since larger cooling is produced at the cloud top, which consists of smaller ice crystal sizes. The 500 mb omega indicates stronger upward motion, which, together with the increased cooling effect at the cloud top, results in increased IWCs.
Finally, including the dust direct and semi-direct effect together with the indirect effect in the model simulation illustrates reduced precipitation in the normal rainfall band over North Africa, where precipitation is shifted to the south and the northeast. Changes in precipitation, cloud cover, and OLR patterns due to the overall effect of dust aerosols is similar to those due to the aerosol direct and semi-direct effects, indicating that aerosol radiative forcing produced by these two effects could be more important than the aerosol first indirect effect in the context of North Africa regional climate.
In the present study, the aerosol second indirect effect on precipitation is not accounted for. The differences in precipitation distribution patterns, therefore, are associated with the interactions and feedback among aerosol, radiation, cloud, and dynamic fields which are modulated by the direct, semidirect, and first indirect aerosol radiative forcings and in turn affect the simulated climate. Incorporation of the aerosol second indirect effect in the UCLA AGCM is a task we plan to accomplish in future endeavors.
